Prospective memory refers to the realization of delayed intentions. Several studies have shown that 3,4-methylenedioxymethamphetamine (MDMA) users perform worse on measures of prospective memory as compared to nondrug users. Interpretation of these data may be limited because of polydrug use, psychosocial stressors, and increased psychopathology that have been reported in MDMA users. This study was designed to directly assess the pharmacological effect of MDMA on prospective memory and brain activity in a double-blind, placebo-controlled, cross-over study. Twelve recreational MDMA users received MDMA 75 mg and placebo and performed an objective prospective memory task during functional imaging. During prospective memory task performance subjects were engaged in a foreground task that consisted of a simple reaction time to visual stimuli (Go trials) and a prospective task of withholding a response during trials that were part of a dynamic memory set (No go trials). Behavioral data showed that a single dose of MDMA increased prospective memory failures in the No go trials, and that number of prospective memory failures was positively correlated to MDMA concentration in plasma. Functional imaging showed that MDMA decreased BOLD activation during Go trials in the thalamus (left), putamen (left), precuneus (left), and the inferior parietal lobules (bilateral), as compared to placebo. During No go trials, MDMA reduced BOLD deactivation in the inferior parietal lobules (bilateral), as compared to placebo. It is concluded that the loss of deactivation in inferior parietal lobules may account for increments in memory failures observed during MDMA intoxication.
INTRODUCTION
Users of 3,4-methylenedioxy-methamphetamine (MDMA) have repeatedly been associated with learning and verbal memory deficits on a range of neuropsychological tests (Cole and Sumnall, 2003; Gouzoulis-Mayfrank et al, 2002; Morgan, 2000; Parrott, 2000 Parrott, , 2001 Zakzanis et al, 2007) . The prototypical example being a reduction in performance of abstinent MDMA users on immediate and delayed word recall tasks as compared to a group of controls (non-drug users). Verbal memory deficits appear most evident in heavy MDMA users who have been abstinent for over 6 months. The cause of these persistent memory deficits has been a matter of continuous debate because a number of confounders have hampered the interpretation of these data. Most notably, MDMA users are usually polydrug users, which makes it difficult to attribute their memory impairments to a single drug (Cole and Sumnall, 2003; Gouzoulis-Mayfrank and Daumann, 2006) . Consequently, memory deficits in MDMA users have been attributed to MDMA (Bolla et al, 1998; Halpern et al, 2004; Morgan, 1999; Thomasius et al, 2006; Verkes et al, 2001) or other drugs such as cannabis (Croft et al, 2001; Dafters et al, 2004; Montgomery et al, 2005; Simon and Mattick, 2002) or amphetamines (Jager et al, 2008) .
Generally, memory deficits reported in current or abstinent MDMA users appear relatively mild (Bedi and Redman, 2008a; Zakzanis et al, 2007 ). Yet, even mild drug effects may interfere with everyday aspects of memory, such as prospective memory. The latter involves remembering of future intentions such as remembering to call a friend, take medication, or go to a meeting, and differs from retrospective memory (recalling past events or knowledge) in that it involves self-initiated retrieval, sometimes cued by an event or time (Einstein et al, 2005; McDaniel and Einstein, 1993) . MDMA users have reported more prospective memory errors than controls as assessed by prospective memory questionnaires (Heffernan et al, 2001a, b; Montgomery and Fisk, 2007) and performed worse than controls on objective laboratory measures of prospective memory (Rendell et al, 2007; Zakzanis et al, 2003) . As can be expected, some studies have also concluded that prospective memory impairments reported by MDMA users are related to concurrent cannabis use (Rodgers et al, 2001 (Rodgers et al, , 2003 . Others have noted that subjective self-reports may not be the best tools for studying prospective memory in MDMA users because perceived memory disturbances might be confounded by psychosocial or lifestyle stressors such as sleep deprivation or increased psychopathology that have been reported in MDMA users as well (Bedi and Redman, 2008b; Hanson and Luciana, 2004; Kuypers et al, 2008; Lieb et al, 2002; McGuire, 2000; Rendell et al, 2007) . These studies therefore provide limited information regarding the extent and practical implications of MDMA induced memory impairments in everyday life.
Only few researchers have attempted to directly assess the pharmacological effect of MDMA on human memory performance in placebo-controlled studies. Ramaekers (2005, 2007) administered single doses of MDMA 75 mg, methylphenidate 20 mg, and placebo to 18 recreational users. They demonstrated that performance on a word learning and spatial memory task was impaired by MDMA at 1.5 h after drug administration when blood concentration were maximal but returned to placebo levels after 24 h (withdrawal phase) when blood concentrations were low. In addition, these researchers were able to conclude that MDMA induced memory impairment was related to the drug's serotonergic but not dopaminergic mechanism of action, because methylphenidate, a dopaminergic stimulant, did not affect memory performance at all. The same research group (Kuypers et al, 2008) also demonstrated that MDMA induced impairments of verbal and spatial memory were aggravated by sleep loss during a night of sleep deprivation. Hasler et al (2008) demonstrated that a single dose of MDMA (1.6 mg/kg) impaired associative learning and working memory at 2 h after administration, relative to placebo. Acute studies have thus confirmed the potential of MDMA to (transiently) impair memory and may serve as valuable, well-controlled models to further define neuropharmacological mechanisms and neural networks underlying MDMA induced memory impairment.
This study was designed to assess prospective memory function of MDMA users after a single dose of MDMA in a double-blind, placebo-controlled, cross-over study. A computer-based prospective memory task was developed in the laboratory. Conceptually it consisted of an instruction to subjects to remember to withhold a response to specific future events (event-based) while they were otherwise engaged in a different task. In addition, the prospective memory task was designed to also enable eventrelated fMRI measurements during task performance after drug administration. Previous neuroimaging studies have shown a consistent pattern of activation in the anterior prefrontal cortex, the inferior parietal regions, the precuneus, and the hypothalamus during performance of prospective memory tasks (Burgess et al, 2001 (Burgess et al, , 2003 den Ouden et al, 2005) . It was expected that MDMA effects would be associated with changes in brain activation in any of these regions. This study was designed to provide (1) direct evidence for the association between MDMA and memory impairment; (2) objective assessments of prospective memory function during MDMA intoxication; and (3) neural structures critically involved in memory dysfunction during MDMA intoxication.
METHODS

Subjects, Design, and Treatments
The study followed a double-blind, placebo-controlled, twoway crossover design. Complete balancing of the treatment orders yielded two treatment orders randomly assigned to subjects. Twelve recreational users of ecstasy were included in the study. Two subjects were unable to conduct the prospective memory task according to protocol and were excluded and replaced. In one case, the subject conducted the foreground task but not the prospective task (for explanations see Methods section) and in another case, the subject stopped responding to all tasks after 10 min. Twelve recreational users (nine men and three women) produced complete behavioral and imaging data sets. Their age ranged between 19 and 29 years (mean 23.3 years). Lifetime use of ecstasy varied between subjects ranging from light (o15 occasions, five subjects), to moderate (16-40 occasions, six subjects), and heavy use (4500 occasions, one subject). Mean (SE) lifetime use of ecstasy was 60 occasions (139.2). Recent drug surveys in the Netherlands have shown that ecstasy pills on the Dutch market on average contain 80% MDMA (Trimbos, 2007) . Lifetime use of alcohol, cannabis, and amphetamines varied in a similar way between subjects.
Initial screening was accomplished on the basis of a questionnaire on medical history. Subjects who were accepted were examined by the medical supervisor, who also checked vitals signs and took blood and urine samples. Standard blood chemistry, hematological, and drug screen tests were conducted on these samples. Inclusion criteria were: experience with the use of MDMA; free from psychotropic medication; good physical health as determined by examination and laboratory analysis; absence of any major medical, endocrine, and neurological condition; normal weight, body mass index (weight/height 2 ) between 18 and 28 kg/m 2 ; and written informed consent. Exclusion criteria were: history of drug abuse (other than the use of MDMA) or addiction; pregnancy or lactation; cardiovascular abnormalities as assessed by standard 12-lead ECG; excessive drinking (420 standard alcoholic consumptions a week); hypertension (diastolic 4100, systolic 4170); history of psychiatric or neurological disorder; and presence of objects in the body with magnetic properties.
The study was conducted according to the code of ethics on human experimentation established by the Declaration of Helsinki Principles (1964) and amended in Edinburgh (2000) . Approval for the study was obtained from the University's Medical Ethics Committee. A permit for obtaining, storing, and administering MDMA was obtained from the Dutch drug enforcement administration. All subjects entered a double-blind, placebo-controlled, randomized, crossover study design with balancing of treatments.
The prospective memory task was conducted at 2 h postdrug administration. The treatments were single doses of MDMA 75 mg and placebo on separate treatment days. Wash out period between treatments was at least 7 days. MDMA and placebo were administered orally in identically appearing formulations. MDMA was administered as a 25 ml solution in bitter orange peel syrup, which was ingested at once with 200 ml of orange juice.
Procedures
Subjects were asked to refrain from any drugs during study participation starting 1 week before the medical screening and physical examination. The subjects were not allowed to use alcohol on the day before an experimental session and were requested to arrive at experimental sessions well rested. Drug and alcohol screens in breath and urine were performed before experimental sessions upon arrival of the subject. MDMA and placebo were only administered in case a subject had passed the urine drug screen on a given test day. All subjects received a training session before onset of the experimental sessions to familiarize them with the tests and procedures.
Prospective Memory Task
This event-based prospective memory task was developed to assess the subjects' ability to remember and execute future plans. Conceptually, such tasks can be created in the laboratory by instructing subjects to make a special response to a specific future event while they are otherwise engaged in a different task. In this study subjects were engaged in a foreground task that consisted of a simple reaction time to stimuli presented on a screen. Subjects were also given a prospective task, ie, to withhold a response during trials that were part of a dynamic memory set.
The foreground task consisted of 100 successive presentations of a letter (A or B) in the center of a computer screen. Subjects were required to respond to each letter as quickly as possible by pressing one of two response buttons. One button was pressed to indicate that the letter 'A' appeared and the other to indicate the letter 'B'. Both letters were presented equally often. Subjects were informed about the trial number by means of a trial counter that was always present in the left top corner of the screen. In addition, subjects were presented at irregular times with a future trail number in the right top corner of the display. Subjects were instructed to remember this future trial number and withhold from responding to the foreground task during the actual occurrence of the future trial. The memory set of subjects was dynamic and contained up to three future trial numbers. A trial number in the memory set would be replaced by a novel future trial number whenever the actual trial number matched a future trail number in the set. Trials during which subjects were expected to respond were classified as Go trials. Trials during which subjects were instructed to withhold a response were classified as No go trials (prospective memory trials). Time between presentation of a future trial number and the actual occurrence of the trial (ie, memory delay) varied between 1, 2, and 3 min, equally divided over all No go trials. Each trial lasted for 12 s. However, the central letters disappeared at any given button press. Presentations of future trial numbers lasted 4 s. In total, the prospective memory task consisted of 68 Go trials and 24 No go trials. At the beginning and the end of the task, a total of eight trials were presented during which the memory set was empty. Number of prospective memory failures in No go trials was the primary dependent performance parameter. Number of correct responses and reaction time during Go trials were the secondary dependent performance parameters. The prospective memory task lasted for 20 min and was administered to subjects during functional imaging in a 3 T MR scanner. Two parallel versions of the prospective memory task were developed for administration during the two treatment periods (placebo and MDMA) to avoid learning effects.
fMRI Data Acquisition and Data Processing
Measurements were acquired using a 3 T Siemens Allegra MR scanner. A T1-weighted anatomical scan was acquired for each participant using a 3D modified driven equilibrium Fourier transform sequence (176 slices; in-plane resolution, 1 mm 2 ). A T2*-weighted functional measurement was acquired using an echo-planar image pulse sequence (1316 whole-brain volumes; 32 slices; slice thickness, 3.5 mm; no slice gap; flip angle 901; TR/TE, 2000/30 ms; in-plane resolution, 3.5 Â 3.5 mm 2 , matrix size, 64 Â 64) and interleaved slice sampling. Functional time series consisted of 600 volumes, and lasted 20 min. Data processing and analysis were conducted using Brainvoyager QX, version 1.6 (Brain Innovation, Maastricht, the Netherlands). Preprocessing consisted of 3D motion correction, slice time correction, linear trend removal of time courses, and high pass filtering of three cycles per time course. Individual anatomical data sets were normalized to standard 3D space (Talairach and Tournoux, 1988) . Individual functional images were realigned, coregistered, and normalized to the anatomical data, and resampled to a voxel size of 3 Â 3 Â 3 mm 3 . Functional time series were linked to prospective memory task sequence and performance by means of individual protocol files that identified the timing of Go and No go trials.
Statistical Analysis
Behavioral data of the prospective memory task were analyzed by means of a GLM repeated measures ANOVA (SPSS 15.0) with MDMA (two levels, ie, MDMA 75 mg and placebo) as the main factor for the analysis of Go trials and MDMA (two levels), and memory delay (three levels; ie, 1, 2, and 3 min) as the main factors for the analysis of No go trials. The a-criterion significance level was set at p ¼ 0.05.
Functional imaging data collected during the prospective memory task was analyzed by means of a whole brain, RFX repeated measures ANOVA (Brainvoyager QX 1.6) with MDMA (two levels) as the main factor in Go trials and MDMA (two levels) and memory delay (three levels) as the main factors in No go trials. Statistical analyses were restricted to the initial 6 s of each trial that generated a correct behavioral response. The a-criterion significance level was set at p ¼ 0.001 with a minimum cluster size of 25 voxels to account for multiple comparisons (Forman et al, 1995; Poldrack et al, 2008) .
Pharmacokinetic Assessments
MDMA was determined in plasma at 1.25 h postdrug. Blood samples were centrifuged immediately and subsequently frozen at À201C until analyses for pharmacokinetic assessments. MDMA and MDA concentrations were determined using solid phase extraction and gas chromatography with mass spectrometric detection with quantification limits of 2.5 ng/ml.
RESULTS
Pharmacokinetics
Mean (SE) MDMA concentration at 1.25 h after MDMA administration was 79.1 (23.1) ng/ml. MDMA concentrations varied between individuals and ranged between 36.4 and 113.4 ng/ml. MDA concentrations were below the limit of quantification in 9 out of 12 subjects. In three subjects MDA concentrations ranged between 2.5 and 3.7 ng/ml. 
Behavioral Data
Functional Imaging Data
RFX repeated measures ANOVA identified significant main effects of MDMA in five brain areas (F 1,11 419.69; po0.001) during performance in the Go trials. These areas included the thalamus (left), putamen (left), precuneus (left), the inferior/superior parietal lobule (left), and the inferior parietal lobule (right). The coordinates of these clusters and their voxel sizes are summarized in Table 1 
DISCUSSION
This study was designed to establish the detrimental effects of MDMA on prospective memory during intoxication in a placebo-controlled study, to develop an objective laboratory task for measuring prospective memory, and to determine neuroanatomical structures that underlie MDMA induced memory deficits. A single dose of MDMA 75 mg increased the number of prospective memory failures during No go trials in the prospective memory task. The detrimental effect of MDMA was also concentration dependent. Subjects with a low MDMA concentration showed less prospective memory failures as compared to subjects with a high MDMA concentration. On average, the magnitude of the MDMA effect on prospective memory was rather mild as indicated by a medium effect size of 0.45. The detrimental effect of MDMA was not correlated to lifetime use. The latter indicates that acute effects of MDMA on prospective memory occur in MDMA users independent of their lifetime use history in the present subject population. However, it should be noted that heavy users where underrepresented in the present sample. A definitive answer to the question whether heavy use of ecstasy affects the magnitude of acute MDMA effects on memory should come from a direct comparison between acute MDMA effects in light and heavy users.
It could be argued that the present MDMA effect on prospective memory task performance may reflect a loss of motor impulse control during No go trials rather than a loss of prospective memory. That is, the prospective memory task in part is based on a Go/No go paradigm that is traditionally used for measuring motor impulsivity. However, previous work has shown that single doses of MDMA actually increase motor impulse control in Go/No go paradigms (Ramaekers and Kuypers, 2006) suggesting that prospective memory failures did not result from increased levels of motor impulsivity. The notion of MDMA induced impairment of prospective memory is also in line with previous studies demonstrating that single doses of MDMA impair (retrospective) memory during intoxication in placebo-controlled studies (Hasler et al, 2008; Kuypers and Ramaekers, 2007; Kuypers et al, 2008) . The present data also confirm earlier reports from retrospective studies showing that MDMA users perform worse on subjective and objective measures of prospective memory as compared to non-drug using controls (Heffernan et al, 2001b; Rendell et al, 2007) .
It is noteworthy that a high inter-subject variability in MDMA concentration was found at 1.25 h past administration. MDMA concentrations after administration of a single dose of 75 mg ranged between 36.4 and 113.4 ng/ml, indicating that MDMA concentration could be approximately threefold higher in some subjects as compared to others. Pharmacokinetic reports of high inter-subject variability after single doses of MDMA have been published before (de la Torre et al, 2000 Farre et al, 2004; Kolbrich et al, 2008; Mas et al, 1999) . It has been postulated that individuals genetically deficient for the hepatic enzyme CYP2D6 may exhibit higher concentrations of MDMA because the enzyme be involved in the N-demethylation of MDMA to its metabolite MDA (de la ). Yet, it has also been demonstrated that MDMA produces non-linear pharmacokinetics at differential recreational doses in all subjects, independent of CYP2D6 genotype . The pharmacological mechanism underlying high intersubject variability of MDMA concentration is not yet fully understood. The notion of inter-subject variability, however, is very relevant as it implies that subjects who demonstrate a high MDMA concentration after a single dose of MDMA will be more prone to develop acute neurotoxicity and/or behavioral toxicity as evinced by larger prospective memory impairments in this study.
Prospective memory refers to the functions that enable a person to carry out an intended act after a delay. Such goal directed behavior depends on keeping relevant information in mind and irrelevant information out of mind. Previous neuroimaging studies have demonstrated a consistent pattern of activation during performance of prospective memory tasks (Burgess et al, 2001 (Burgess et al, , 2003 den Ouden et al, 2005) . The main brain structures included the anterior prefrontal cortex, the inferior parietal regions, the precuneus, and the hypothalamus. Little, however, is known about the roles of these structures in prospective memory.
In general, neuroimaging studies demonstrated that each of these structures may be involved in the maintenance of an intention as well the actual realization of the intention. In this study, it was expected that prospective memory task performance would involve similar brain structures as in previous neuroimaging studies and that detrimental effects of MDMA would be associated with brain activation in any of these regions.
Present imaging data demonstrated MDMA effects on brain activity in several of the expected areas. A main effect of MDMA was observed during Go trials in the hypothalamus (left), putamen (left), precuneus (left), and bilaterally in the inferior parietal lobules. Event-related averages of BOLD responses during Go trials showed that BOLD activation during MDMA treatment was always less as compared to placebo in all of these regions. In addition, a main effect of MDMA was found during No go trials in the inferior parietal lobules (bilateral). Event-related averages demonstrated that BOLD responses during No go trials were always deactivated, and that BOLD deactivation was less during MDMA as compared to placebo. In other words, a negative BOLD response (deactivation) was observed during placebo whereas no or a slightly positive BOLD response were observed during MDMA. There was no apparent association between the main effects of MDMA on BOLD response during Go trials and behavioral parameters during Go trials: ie, the number of correct responses and reaction time during Go trials did not differ between MDMA and placebo. During No go trials, however, the suppressing effect of MDMA on BOLD deactivation in the inferior parietal lobules was supported by an increase in prospective memory failures.
The inferior parietal lobules were the only brain structures that demonstrated a main effect of MDMA during Go trials as well as No go trials. The role of the inferior parietal lobules has been investigated previously in a number of neuroimaging studies employing arithmetic tasks. These studies have consistently associated the inferior parietal lobules with quantitative number representations and the ability to perform simple calculations and number comparisons (Gobel et al, 2004; Piazza et al, 2002; Pinel et al, 1999; Sandrini et al, 2004) . Other studies have indicated that these brain structures are specifically involved in self-action monitoring (Schnell et al, 2007) and the reestablishment of executive control over previously automatized behavior (Kubler et al, 2006) . There is a clear similarity between number comparison tasks and the prospective task memory in this study. On top of the foreground task subjects were always actively engaged in remembering prospective trial numbers and comparing them to actual trial numbers presented on the screen. If the actual trial number did not match a prospective trial number then subjects could respond to the foreground task as instructed. However, in case of a match, subjects were told to withhold their response. BOLD activation during Go trials in the inferior parietal lobules thus may reflect a mismatch between actual and prospective trial numbers and the selection of a response. BOLD deactivation during No go trials on the other hand may reflect a match between actual and prospective trail numbers and the inhibition of a response.
The present data suggests that a reduction in BOLD deactivation in the inferior parietal lobules during No go trials after MDMA may underlie the MDMA induced increase in prospective memory failures. It should be noted, however, that analyses of imaging data were restricted to No go trials that elicited a correct behavioral response (ie, withholding a response). As such, the imaging data shown for No go responses actually show correct responding on No go trails. The association between memory failures and reduced BOLD deactivation would be less inferential if it could be based on errors during No go trials. Unfortunately the average number of error trials are too low (ie, 1 and 2.7 out 24 trials during placebo and MDMA, respectively) to allow any meaningful analyses of associated BOLD responses. However, the fact that the polarity of the BOLD response in the inferior parietal lobules reverses from Go trials to No go trials also clearly indicates that brain activity in these areas reflects the type of behavioral response. If BOLD activation reflects a Go response, and BOLD deactivation a No go response than it would be logical to predict BOLD activation during error trials in the No go condition. What can be observed in this study is that MDMA reverses the BOLD response during No go trials in the direction of BOLD activation, suggesting that subjects are more prone to prospective memory errors during intoxication. The latter notion was also supported by a positive correlation between BOLD activation and prospective memory failures in the inferior parietal lobules during No go trials.
In general these data seem to indicate that MDMA suppresses brain processes that are normally involved in prospective memory performance and that the inferior parietal lobules in particular be involved in MDMA induced memory impairment. In addition, brain activations observed during Go trials are likely to be related to performance on the foreground task: ie, monitoring and repeated responding to central stimuli, whereas deactivation of brain activity during No go trials is likely to be related to withholding a response (ie, the prospective task). MDMA acted as a suppressor of BOLD responses observed during placebo treatment, leading to less activation in the Go trial and less deactivation in No go trials. Consequently, the loss of deactivation in inferior parietal lobules may account for the increments in memory failures observed during MDMA intoxication.
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